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ABSTRACT 


An integrated circuit tapped delay line and its 
applications to sampled analog processing are studied. 
The theoretical effort includes the design of sampled 
analog transversal filters using the techniques developed 
for digital non-recursive filters. The experimental study 
includes the evaluation of the new Reticon TAD-12 tapped 
delay line and its applications as prewhitening, dewhiten- 
ing and bandpass filters. The frequency domain response 
and the time domain impulse response are evaluated. The 
limitations in the device performance and the deviations 
6f filter performance from theoretical analysis are investi- 


gated. 
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I. INTRODUCTION 


Signal processing covers a wide range of application in 
such diverse fields as biomedical engineering, acoustics, 
sonar, radar, speech communication, data communication, and 
many others. As an example, one may wish to remove interfer- 
ence, such as noise, from the signal or to modify the signal 
to present it in a form which is more easily interpreted by 
an expert. As another example, a signal transmitted over a 
communications channel is generally perturbed in a variety of 
ways, including channel distortion, fading, and the insertion 
of background noise. One of the objectives at the receiver 
is to compensate for these eee In each case, 
processing of the signal is required. 

Signal processing was carried out typically by using 
analog equipment before the advent of digital computers which 
promoted the intensive and successful development of digital 
Signal processing in the past decade. At present, much of 
the digital signal processing is performed on general purpose 
digital computers using software. However, tremendous progress 
has also been made in other types of signal processors using 
electronic firmware and. hardware. Particularly, using elec- 
tronic technologies, a new class of sampled analog processors 
is being developed using charge transport devices. Their 
Signals are analog but the independent variables are discrete 


which can be either time variable, spatial variables or other 


il 





transform variables. The signal processing implementations 
are illustrated in Table [.1I. 

Signal processors can be grouped into two classes: 
filtering and spectral analysis. This classification is 
meolaghted in Figure 1.I- All of these Signal processing 
systems require the basic essential functions, such as cor- 
relation, convolution and transformation (Fast Fourier trans- 
form). In other words, they are shown to be centered around 
four basic mathematical operations: delay (or shift), mul- 
tiplication, summation and generation of special functions. 
These operations have been performed by dh eaters chnaianes 
and it was probably the most convenient method. However, 
the new sampled analog signal processing systems only require 
a storage for discrete time analog samples and not discrete 
or -quantized signal amplitudes; in fact, because of the 
Pomemtation time, frequency selectivity, and part counts, it 
is undesirable to quantize the signal. Therefore, discrete 
time analog devices are being developed to perform the convo- 
lution, correlation, etc., without the need to convert the 
signal to digital format. 

There are several distinct advantages of using the discrete 
time analog devices over the digital techniques to perform the 
same algorithm: 

(1) In general, the discrete time device system can perform 
the same computation with much greater speed over the 
digital technique. 

(2) The device stores discrete time analog amplitudes; 


therefore, it does not have the quantization errors 
inherent in the digital system. 
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(3) The actual multiplying and summing operations are 
easily implemented, and with fewer components than 
the digital system. 

To illustrate the advantages that these discrete time 
devices have over the digital technique, a simple system 
shown in Figure 1-2 is used. This is a model of a simple 
Single pole, first order discrete time filter. To implement 
this system with a discrete time device such as the SAD (Serial 
Analog Delay), all that is required is a straight substitution 
of the analog device for the delay block, an operational 
amplifier for the adder and a potentiometer proportional to 
the weighting coefficient. This system is shown in Figure 
t= 3. 

Comparing this system implementation to the digital form 
in Figure 1.4 demonstrates the difference between the two 
systems. It requires at least two memory registers, one to 
store the sampled data, the other to store the multiplying 
constant. In the figure it is seen that more devices are 
required, such as the adder and the costly analog to digital 
converters, as well as the digital to analog converter to 
complete this system. 

The integrated circuit delay devices can perform in 
principle most of the necessary algorithms used in most equip- 
ment for signal processing today. However, due to the primi- 
tive nature of these new classes of devices, there are 
limitations in some fields of application. 

The purpose of this study is to perform the evaluation of 


Reticon TAD-12 tapped delay lines available commercially and 


1s 





to find out their performances and limitations in order to 


use them properly. 


TABLE I.I Signal Processing Implementation 


Signal Equipment Implementation 


General Purpose Computer Software 
Analog Special Purpose Computer 
y Mini/Microcomputer Firmware 
y (Microprocessor) 
Digital € 
\ Signal Processing Function 
. Modules: 
\ Multiplier 
\ Correlator 


‘ 
Sampled \ Convolver (matched Hardware 
Analog filter) 
Iai, Leerere 


Discrete Fourier 
Transformer 


Frequency synthesizer 


~~ 


Gc. 
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Signal Processors 


Spectral Analyzer 


Digital Sampled Analog 
Matched Filter Transversal Filter 


Tapped Delay Line 


BED CCD Reticon 
Device 











Band High Low Prewhitening Notch 
pass pass pass Dewhitening etc. 


FIGURE 1.1 Classification of Signal Processors 
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gener Delay Block 
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FIGURE 1.2 Equivalent Circuit of First Order Discrete 
Time Filter 
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FIGURE 1.3 Equivalent Circuit Implementation 
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FIGURE 1.4 Digital Equivalent Circuit Implementation 
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II. SAMPLED ANALOG NON-RECURSIVE FILTER 


eee PRINCIPLE 
The transfer function of a digital or sampled analog 
filter can be expressed, in Z domain, by one of the follow- 


ing equations. 


N ail 
Xo a, Z 
Recursive filter: H(Z) = ——~-—¥#\—— C251) 
Teo ty eee 
m 
: : N -N 
Non-Recursive filter: H(Z) = Zo An (4 (2-2) 


The block diagram of a sampled analog recursive filter 


famieriustrated-in Figure 2-1: 


B, (2) x) Ca = eee Bene 





re a “n=1 
D © 
-b “n 
m 


FIGURE 2.1 Schematics of a Recursive Filter 
(Tapped Delay Line) 
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Bout 


FIGURE 2.2 Schematic of a Non-Recursive Filter 
(Tapped Delay Line) 
In the case of causal system with finite duration of 
mpuese response, the system function can be written in the 
OM ; 


Nea 


H(Z) = 29 h(n) a (2-3) 


{h(n)} is the impulse response defined over the time interval 
0 < nT < (N-1)T, H(Z) is a polynomial in z+ of degree N-1. 
Thus, H(Z) has N-1 zeroes in the finite Z- plane. 

The frequency response Eigen) is obtained by substituting 


a Dy ae 
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N-1 = , 
CCL ec re (2-4) 
n=0 


We mead that any finite duration sequence is completely 
specified by N samples of its Fourier Transform [1], so that 
the design of a Finite Impulse Response Filter may be 
accomplished by finding either its impulse response coeffi- 
Cients or N samples of its frequency response. Both methods 


are discussed in the following section. 


Bee uiNEAR PHASE FINITE IMPULSE RESPONSE FILTER 

In many applications, e.g., speech processing, data 
transmission, it is desirable to design filters to have 
linear phase. In this way, signals in the passband of the 
filter are reproduced exactly at the filter output except 
for a delay corresponding to the slope of the phase. One 
of the most important features of FIR systems is that they 
can be designed to have exactly linear phase. The unit 
impulse response for a causal FIR system with linear phase 


has the property that: 
h(n) = h(N- 1-n) (2-5) 


To see that this condition implies linear phase, we write 


equation 2-4 as: 


H(2 ae h Zoe aa h a 
(Z)= ey (n) = n=N/2 eZ 
(N/2)-1 . (N/2)-1 
ee ano h(N-1-n)z7 (N-1-") 
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where N is assumed to be even. Using equation 2-5,-one can 


write: 

N/2)-1 

H(Z) = y h(n)[z 2 + 27 Wein), (2-6) 
n=0 

If N is odd, it is shown that 
N-1)/2]-1 

bias 2 Le )/2] h(n) [z72 + 27 Or1-n), +n(Sshy27 (72) 

=( 

: (227) 


Evaluating equations 2-6 and 2-7 for Z = eJ”, one obtains, 


for N even, 


(N/2)-1 
H(e!™”) = e IWIN 72) | x 2h(n) cos [w(n - S13 
=(0 
; (238) 


and for N odd, 


Be) = oe JWL(N-1)/2] ht) 


[(N-3)/2}-1 
r 


ae 


2h(n) cos [W(n - Ay} (2-9) 
n=0 

In both cases the sums in brackets are real, implying a 
linear phase shift corresponding to delay of (N-1)/2 samples. 
For N odd, the phase shift corresponds to an integer number 
of samples delay. For even N, the delay is an integer plus 
one-half of sampling period. This distinction between odd 
and even values of N is often of considerable importance in 
design and realization of FIR filter. Examples of impulse 


response having linear phase are shown in Figure 2-3. 
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FIGURE 2.3 Typical Impulse Response for Linear Phase FIR Filters 


fee eSOLGN TECHNIQUE OF FIR FILTERS 
i Determination of Impulse Response 
Since the frequency response of pee Of samy edengaaeal: 
or sampled analog filter is periodic in frequency, it can be 
expanded in Fourier series of the form: 


i ena (2-10) 


hn=-o& 


where the sequence h(n) playing the role of the "Fourier 


@oetticients," i.e., 


h(n) = a J" H(eI™) J" aw eb 


sill 


ch 





Mae Can. casily recognize that the coefficients of the 

Fourier series, h(n), are identical to the impulse response 
of a digital filter. There are two difficulties with the 
representation of (2-10) for designing FIR filters. First, 
the filter impulse response is infinite in duration since the 
summation in (2-10) extends to to . Second, the filter is 
unrealizable because the impulse response begins at -~3 1.e., 
no finite amount of delay can make the impulse response 
fmeabizable. 

One possible way of obtaining an FIR filter that 
approximates H(e!*) would be to truncate the infinite Fourier 
series (2-10), at n = +M. But direct truncation of the 
series leads to the well known Gibbs phenomenon. However, 
the non-uniform convergence phenomenon can be moderated 
through the use of a less abrupt truncation of the Fourier 
series by applying the so-called "windowing" or ''weighting 
muae ction." 

2. Effect of Window 

A more successful way of obtaining an FIR filter is 
to use a finite weighting sequence W(n), called window, to 
modify the Fourier coefficients h(n) in (2-10) to control the 
convergence of the Fourier series. The technique of windowing 
is illustrated in Figure 2-4. At the top of this figure is 
shown the desired periodic frequency response Beer and its 
Fourier series coefficients {h(n)}. The next row shows a 
finite duration weighting sequence W(n) with Fourier trans- 


form wer”), wer”), for most reasonable windows, consists 
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of a central lobe which contains most of the energy of the 
windows and side lobes which generally decay rapidly. To 
produce an FIR approximation to H(e?™%), thiemseduence 


hiGy) = Wiens) 5 -M < neem (2-12) 
0 , elsewhere 


h(n) = { 


is formed. The third row of Figure 2.4 shows h(n) and its 
Fourier transform Hes), which is the convolution of 

fe?) and Wed), since h(n) is the product of the sequences 
h(n) and w(n). The last row of Figure 2-4 shows the realiz- 
able sequence g(n), which is a shifted version of h(n) and 
may be used as the desired filter impulse response. 

As seen in the example of Figure 2-4, there are 
several effects on the resulting frequency response of win- 
dowing the Fourier coefficients of the filter. A major effect 
is that discontinuities in eeu become a transition band 
between values on either side of the discontinuity. Since 
the final frequency response of the filter is the circular 
convolution of the ideal frequency response with the window's 
frequency response, it is clear that the width of these tran- 
S$ition bands depend on the width of the main lobe of wed), 

A secondary effect of windowing is that ripple from the side 
lobes of Woe”) produces approximation errors (ripple in the 
Poulting £requency response) for all w. 

There are many windows proposed that approximate the 

desired characteristics. But, in general, the desirable 


window should have the following characteristics: 


Zo 





H(e!™) h(n) 


W n 
w(ed™) 
Wn) 
Ww -M M rl 
wns ° 
H(e?™) 





2 


FIGURE 2.4 Illustration of windowing 
H(e!") Desired periodic frequency response 
h(n) Its Fourier series coefficients 
w(n) Finite duration weighting sequence 
w(e™) Its Fourier transform 
h(n) = h(n) . w(n) 
fi(ed")= H(eo") * w(e?™) 
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1. Small width of main lobe of the frequency response of 
the window containing as much of the total energy as 


possible. 


2. Side lobes of the frequency response that decrease in 
energy rapidly as w tends to 7. 


In the design of the filters in this study, the 
Hamming window is chosen. It is specified by the equation: 


To = 0G ee (, (eee 1 


w(n) = f{ 
0 eC LSE Wet (2a 


Figure 2-5 illustrates the Hamming window and the rectangular 


window. 


W(n) Rectangular 

1s 

8 

! 

| 

ih 

| 

B2 ) 

0 N=1 N= 1 n 
Z 


FIGURE 2.5 Hamming Window and Rectangular Window 


5. Frequency Sampling Technique 


Figure 2-6 shows an arbitrary frequency response 
(solid curve) that one wants to approximate and a sequence of 


N frequency samples H,. (Figure 2-7) that can be represented as 


H(k) = [H(k) [eI °C%) , k= 0, 1..., N-l 


Sal 





|z(e2™)| 


0 eu st ot +i 
N 
FIGURE 2.6 Desired Continous Frequency Response 


H(k) 


0 N-1 k 


FIGURE 2.7 Frequency Samples 


Using the inverse discrete Fourier transform, a 
finite duration impulse response can be determined from H(k) 


N-1 


h(n) = = E H(k) eJ (2 /N) nk (2-14) 
k=0 
where H(k) can also be written in the form: 
N-1 
H(k) = <= h(n) e J (2m/N}nk (eas) 
n=0 


Wy 





D. APPLICATIONS 


ie Sanapassel il teh Westen lL cori hin 


In the analog or continuous time system, the bandpass 


filter has the transfer function H(f). 


|H(£) | 


FIGURE 2.8 Bandpass filter frequency response 


A, f ate ue 


Oe otherwise 


H(£) = { é 


In the discrete time system, a rectangular bandpass 
filter has the frequency response H(ed“) as shown in Figure 


Meow it iS periodic of period 27. 


W A, [wl < [fel < [wg 
H(e!Ws) = { % : j 
Or otherwise. 
. Ws 
with f, ing Sampling frequency. 
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ta(ed¥/ 8) 


9 784 4 Mm MD " 
FIGURE 2.9 Discrete Time Bandpass Filter Frequency Response 
Basing upon the periodic nature of a discrete time 


filter frequency response, the impulse response can be com- 


puted by finding the Fourier coefficient, using equation 2-ll. 


W ; 
h(n) = = fe A ed? aw (2-16) 
1 
iets 
eee A (cos wn + j sin wn) dw. 


1 


Since only real term may be implemented, the series coeffi- 


cients are: 


Case I: n # 0 


Bee 2 
h(n) = = ee A cos (wn) dw 
= A (sin 2nf - sin 2nf ) Cea 
™m 2 1 
Case 2 n = 0 
Let ea 2 Te Om 45) 


One can write using equation (2-16): 
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W 


hia a Se) nai Ww 
a 
= wt fed¥2n - eJ WN) 
jnt | 
= A_ .J2Tfo (sin and f) 
jnt 


oA Af£Sin TtTnaft 


Sie (ecsman ito e+ Jj) Sin 27 nfo) 


(2-18) 
When n tends to 0, the real part of equation (2-18) tends 
O.: 


h(0) = 2AAf(1.)(1.) = 2AAf (2-ak9)) 


Window weighting functions are used to modify the 
coefficients in order to improve the filter characteristics. 
If the Hamming window is used, the weighted coefficients 
A(n) become 


A(n) = h(m) (0.54 + 0.46 cos (<1) (2-20) 


4 


A computer program shown in Appendix C was established 
to design the non-recursive bandpass filter. It was based 


upon the equaurons 2-7 5 cn o 2 i), 


wee eLewhnreenineg and Dewhitening Filters in 
Communication System 


The prewhitening and dewhitening filters are also 
called preemphasis and deemphasis filters in the communication 
field. 

Suppose one desires to transmit a baseband signal 
using FM modulation and requires the best possible signal to 


noise ratio. One possible solution is to raise the level of 
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modulating baseband signal to the maximum extent possible 
in order to modulate the carrier as vigorously as possible. 
But the modulating signal level may be raised only until the 
distortion exceeds a specified value (maximum allowable value). 
However, the baseband signal happens to be an audio 
Signal; it turns out that something further can be done. An 
audio signal usually has the characteristic that its power 
spectral density is relatively high in the low frequency 
range and falls off rapidly at higher frequencies. For ex- 
ample, speech has little power spectral density above about 
3 kHz. Music extends farther into the high frequency range, 
the feature still persists that most of its power is in the 
low frequency region. As a consequence, when one examines 
the spectrum of the sidebands associated with a carrier which 
is frequency modulated by an audio signal, one finds that the 
power spectral density of the sidebands is greatest near the 
carrier and relatively small near the limits of the allowable 
frequency band allocated to the transmission. The manner in 
which one may take advantage of these spectral features, 
which are characteristic of audio signals, in order to improve 
the performance of an FM system is shown in Figure 2-10. 
At the transmitting end, in Figure 2-10, the baseband 
Signal m(t) is not applied directly to the FM modulator but 
is first passed through a filter of transfer characteristic 
H, Cw) » so that the modulating signal is Mp (t). The modifi- 
cation introduced into the baseband signal by the first 


filter is undone by the receiver filter which follows the 
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FIGURE 2.10 Preemphasis and Deemphasis 
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discriminator and has transfer characteristic 1/H,, (w) . The 
noise passes through only the receiver filter which may be 
used to suppress the noise to some extent. 

The selection of the transfer characteristic Hp Cw) 
is based on the following considerations. At the output of 
the demodulator, the spectral density of the noise increases 
with the square of the frequency, as shown in Figure 2-ll. 


It is given by the equation: 


l 

+e 
oe | 
rN 


a2) 


bh | bd 


Gy (f) mamas | ? | £ | is 


where a = constant proportional to limited amplitude 
of the carrier obtained with the hard limiter 
in the demodulator 
A = amplitude of the carrier 


nN = power spectral density of the white noise 


over the range |f| < 5 
Ic (2) 
-B -f ie B if 
as ae 


FIGURE 2.11 Power Spectral Density at the Output 


of an FM Demodulator 
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Hence the receiver filter will be most effective in 
suppressing noise if the response of the filter falls off 
with increasing frequency. In such a case the transmitter 
filter must exhibit a rising response with increasing fre- 
quency. The premodulation filtering in the transmitter, to 
raise the power spectral density of the baseband signal in 
its upper frequency range, is called preemphasis. The fil- 
tering at the receiver to undo the signal preemphasis and 
to suppress noise is called deemphasis. 

Referring to Figure 2-10, one requires that the nor- 
malized power of the baseband signal m(t) must be the same 
as the normalized power of the preemphasized signal ee 
Pf G_(f£) is the power spectral density of m(t), the density 


of m, (t) is }H,, (£) | ° G_(£); and one requires that: 


fm fm , 
Pp = G (f) df = ieee Carinae 2-22 
mee Orica eal Oa cris) Gan 
where 
fm = maximum frequency of modulating signal. 


In the absence of deemphasis, output noise is: 


eS ie raat) 3 
ee eee" 


With deemphasis, the output noise is: 


fm 
es 2 2 1 2 2 
Nod ~ AD 4t'n fgg f° Icayl” oF a) 
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Fee 


The ratio, R = v7 » 1s 
od 
fm? /3 


ne deen — 
O p 

Since the signal itself is unaffected in the overall 
process, the quantity R is the ratio by which preemphasis- 
deemphasis improves the signal to noise ratio. 

The prewhitening filter has the transfer character- 
istic illustrated in Figure 2-12. The dewhitening filter 
has the transfer characteristic illustrated in Figure 2-13. 


The relation between these two filters is: 


1 
Hage.) ) = (2-25) 
D Hi eo) 
p 
where 
ae = transfer function of prewhitening filter 
BEM) = transfer function of dewhitening filter. 


Se Dewhitening, Firiter Design Algorithm 


a. In the analog or continuous time system, the 
prewhitening filter has the transfer characteristic shown 


in Figure 2-12 and has the transfer function, 


» [£| 


JA 


fo 
H(£) = 4 
P CeeNGaetayeee f£. < jf) < £ 


A 


(eG) 
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H(f) 





—_—mmeeas =e a ar ase cue wR 





fo f f normalized 
Pp 


FIGURE 2.12 Prewhitening Filter Transfer Function 


H(f) 
= 


R 


1 
t 
4 


f f ff normalized 
0 Pp 


FIGURE 2.13 Dewhitening Filter Transfer Function 


b. In the sampled analog or digital system, the 
frequency response of the prewhitening filter is periodic. 


[It is illustrated in Figure 2-14. 
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|u(e9*"*)| 


Fy F, F 
normalized frequency 
FIGURE 2.14 Amplitude Frequency Response of Sampled 


Analog Prewhitening Filter 


The frequency F is normalized with respect to 
the sampling frequency Ea 

The design of a linear phase prewhitening filter 
consists of the calculation of the impulse response which 


can be computed using (2-11) 


Tl * * 
h(n) = 4 f H(e™) eJ"™ aw 
alt 
which becomes, using i = F 
Fo j 2mnF a | 27nF 
HG eee Rie dF + 2f, [R + A(F-F)]e? dF 
O 
h(n) = U + V (2-27) 


Since h{n) is real, one can compute only the real 


part of U and V. 
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Case 1: 


@ase 2: 


Fs 


Nh $ 0 > FD = a 
aE R _. 
Re[U] = 2R fs cos (2mnF)dF = — sin 21n Fo 
O ™m 
F Fy 
Re[V] = 2R fae cos (2nmnF)dF + 2A i (P=Fo) cos (Zrnigidk 
O O 


= oie 1 ) : 
a [sin (2tn FD) Sruel (ants sy) 


oc laser (cos 2mnFp - cos 2mnFo) 


E F 
4 -_ ~Pp 1 
+ a Sin 2mnFy Irn 3th 27NF g] 
AFo : “ 
7 onal 2mNFo - Sin 2m™nFp | 


h(n) = Re [U] + Re [V] = —s [cos 2tn Fy - cos 2tn Fo ] 





(2-28) 

n= 0 9 Fo a yD 
With n = 0, (2-27) becomes: 

Fp Fp 
eon =e. ee Rie Ga eee tere) [de 

: O 
RC)=ne = [Ree (F, = Fo) 71 (2-29) 

Zip 2Fp p 0 


Taking into account the constraint of the linear 
phase FIR filter: 

h(n) = h (N - 1 - n) 
and using (2-28) and (2-29), a computer program 
is prepared to calculate the impulse response of 
the filter, a Hamming window function is used to 
improve the amplitude and phase response of the 


ew Mawes Memon dul tea. 
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4. Dewhitening Filter Design Algorithm 


In the design of the complementary dewhitening filter, 
one can use the frequency sampling technique. Using (2-15) 
and the given impulse response of the prewhitening filter, 


the frequency samples 
tH), Ck) 5 ; Kea aU rey llinne ccc) seal 


can be computed and stored in the memory of the computer. 
Then the frequency samples of dewhitening filter 
Hp (k) can be computed as: 


ee a% : 
Hp (x) = A, (ky > Kee en. 5 Nod 


Using the inverse discrete Fourier transform given 
by (2-14), the finite impulse response of the dewhitening 
filter can be obtained. 

Using an appropriate window, such as Hamming window, 
the frequency response of the dewhitening filter can be 


improved also. 
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III. EXPERIMENTAL EVALUATION OF TAD-12 


A. SYSTEM CONFIGURATION 
Reticon Corporation markets a Tapped Analog Delay Device 
which provides 12 output taps with the following time delay 


configuration: 


_—- —o me ee 


In 





FIGURE 3.1 Equivalent Circuit of TAD-12 


ah Rp NE RR GO SS en 





The first delay section is delayed by one clock period, 
the rest have delay time of two clock periods. 

The delay lines are structurally organized as shown in 
Figure 3-2. One delay line contains N capacitive storage 
elements with two I/O access switches. One access switch 
connects the storage element to a common input line and the 
second switch connects it to the common output line. One 
register and its associated multiplexing switch sequentially 
time samples the analog input signal onto the "N'" capacitive 
storage elements. Information is read onto the nth element 


th 


while simultaneously reading out the n + 1] element. 
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FIGURE 3.2 Organization of a Single Delay Line 
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Each element has an output buffer amplifier to provide 
a zero order hold of the sampled signal. This produces a 
sampled and held output. 

The test circuit for TAD-12 is shown in Figure 3-3. It 
consists of a pulse shaper circuitry and a DMOS flip-flop. 
Because the tap outputs are at +5 volts bias level, due to 
the TAD-12 circuitry, the resistor 2 kilo-ohms of the oper- 
ational amplifier non-inverting input is connected to a +5 
wolcs rather than ground. The output of the summer, there- 


fore, rides on a 5 volts bias level. 


B. FREQUENCY DOMAIN EVALUATION 

Using the circuit board shown in Figure 3-3, the frequency 
dependance, the non-uniformity, the harmonic distortion are 
evaluated at different sampling frequencies for three differ- 


ent tap resistances: 


R, = 10 kK2, 100 kK2, IM. 


ite exequency Rel teott 


The frequency characteristic of the sampled and hold 


TE 


Sinex : : 
—x shape with x = a . 


muecess 1S of the 


At sampling frequency ta SOC RKhiZ bor Reap = 10 Kf, 
the roll-off is close to the theory. When the tapping 


resistances Ria 1s increased, the roll-off is more serious 


Pp 
and wriggles around. 

Figure 3-4 illustrates the magnitude of the frequency 
response of Tap #1, Tap #6 and Tap #11 outputs using 10 kilo- 


ohms resistor. The solid curve represents the theoretical 
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FIGURE 3.3 Test Circuit for Reticon TAD-12 Evaluation 
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From this experiment it is found that the TAD-12 
output has rather complicated frequency variations although 
they follow the theoretical S40_x relation roughly if the 
tapping resistor is 10 Kilo-ohms and the sampling frequency 
less than 2.5 MHz. The loading effect is much more pronounced 
if the tapping resistors are equal or greater than 100 Kilo- 
ohms. 

oe NCieUninOrcyu(opatial or Fixed Pattern Noise) 

The non-uniformity of different taps outputs varies 
depending on the tap resistance, Rye the sampling frequency, 
iaeena the input signal frequency, £. The general result 
at sampling frequency of 500 KHz is the following: 

- For £f < 10 KHz, the non-uniformity is within 10% 

= For £f > 10 KHz, the non-uniformity can deteriorate 

to 15% - 50% range. | 
Figures 3-10 through 3-17 illustrate the non-uniformity 


result of sampling frequency of 500 KHz, for different input 


Signal frequencies and for different tap resistors: 


Reap See eon LOeKGe  LOURKO, “Pai: 


At high sampling frequencies, using tap resistances 
meoosetian L00 Kg, the uniformity of tap output can be improved 


at higher input signal frequencies. 


eete =) Jeo MZ, Ry = 10 K2 and input signal frequencies: 
etc oO Miz, -the non-uniformity is within 103 


- £ > 50 KHz, the non-uniformity varies from 13% to 25%. 
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eee es | 2 rOmenikiZ Ry = 100 Kn and input signal frequencies: 
- £ < 80 KHz, the non-uniformity is within 10% 


- £f > 80 KHz, the non-uniformity varies from 11% to 70% 


At f. = 2.5 MHz, R, = 1 M2, and input signal frequencies: 
- £ < 30 KHz, the non-uniformity is within 20% 


- f > 30 KHz, the non-uniformity is greater than 30%. 


Figures 3-18 through 3-28 illustrate the non-uniformity 
data at sampling frequency equal to 2.5 MHz, for different 
typical tap resistors and for different input signal fre- 
quencies. 

Figures 3-24 through 3-40 illustrate the pictorial pres- 
entation of Reticon TAD-12 performance at different sampling 
frequencies, using different tap resistances. 

& lemporal Norse Behavior of Ditfterent Taps 

The temporal noise of different taps is studied at 
the sampling frequencies higher or equal to 2.5 MHz. It 
varies, depending on the sampling frequencies and the tap 
resistances used. However, it should be pointed out that 
the tap #1 output has little noise at all sampling frequen- 
Cies and tapping resistors used. It is shown in Figures 3-24, 
Seo, 2-20, 5-28, 5-40. The general temporal noise behavior 


of other taps is shown in TablelIII.I and Figures 3-24, 3-25, 
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TABLE III.I Noisiest Tap Outputs 


Reap 
fo 1 Meg-ohm 100 Kilo-ohms 10 Kilo-ohms 
2,5 MHz Tap #10 Tap #11 agar oa 12 
S.5 MEz Tap #10 Tap #4 Tap #2 


The temporal noise of different taps is not serious 
at low sampling rate (less or equal to 1.25 MHz). Figure 
53-41 illustrates the output of tap #1 and #12 at sampling 
meeqmency at tf. = 1.25 MHz using 1 Meg-ohm tapping resistors. 

wee harmonic Distortion 

The second harmonic distortion, data is measured with 
piemepuc trequency 10 KHz for different input amplitudes at 


different sampling frequencies: 
f. = 500 KHz, 1.25 MHz, 2.5 MHz 
eudetsang different tap resistors: 


Reap =P LOUK LOG Ka5) 1 Ma. 


Micmeulves tOG the quantity 20 Log y—pud ammonite 
are plotted and shown in Figures 3-42, 3-43, 3-44. The general 
results of the above measurement are summarized in Table 3.II. 
The loading effect on the dynamic range of the TAD-12 
is very pronounced at high sampling frequency (2.5 MHz). In 
order to get the second harmonic amplitude less than 1% of 
the fundamental, one has to use less than .12 volt rms input 


Portage if using 1 MQ tap resistor and less than 2 volts rms 


input voltage if using 10 Kf tap resistor. 
ou 
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Tap Output Amplitude 
FIGURE 3.16 Non Uniformity Data. f saalpe 500 KHz 
Rabe 1 Kilo-ohnm. aed te 45 KHz 
Number 
of Taps 55% variation 
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1 
aoe - 04 05 volts 


Tap Output Amplitude 


FIGURE 3.11 Non Uniformity Data. gpme 500 KHz 


R, = 1 Kilo-ohm. ff, = 60 KHz 
tap input 
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Number 


of Taps 25% variation 
5 
2 
J 
0 ol ott e42 .13 volts 


Tap Output Amplitude 


FIGURE 3.12 Non Uniformity Data. nee 500 KHz 


Reap 10 Kilo~ohms. CP aeute 50 KHz 
Number 15.5% variation 
of Taps 
5 
2 
1 
0) oi o11 ale 13 volts 


Tap Output Amplitude 


FIGURE 3.13 Non Uniformity Data. tenor 500 KHz 


R, = 10 Kilo-ohms. f = 100 KHz 
tap input 


= 
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22% variation 


0075 ol e 105 011 012 += volts 
Tap Output Amplitude 


FIGURE 3.14 Non Uniformity Data. a 500 KHz 


Reap 100 Kilo-ohms. f enput™ 50 KHz 


Number 
oases 45% variation 


| | 
s15 014 oS 016 ad 018 019 volts 


Tap Output Amplitude 


FIGURE 3.15 Non Uniformity Data. aeaae 500 KHz 


ane 100 Kilo-ohms. finoue 60 KHz 
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Number 


of Taps 11.3% variation 
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2 
| | | 
me 13 14 eile 16 volts 


Tap Output Amplitude 
FIGURE 3.16 Non Uniformity Data. ie 500 KHz 


Site 1 Meg-ohm. f ingues 30 KHz 
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of Tap 
29.4% variation 
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02 205 04 volts 


Tap Output Amplitude 


sam 


ae 1 Meg-ohm,. cues 120 KHz 


FIGURE 3.17 Non Uniformity Data. f 2 500 KHz 
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of Taps 6.7% variation 


10 


0 mA nie a5 04 -5 volts 
Tap Output Amplitude 
FIGURE 3.18 Non Uniformity Data. f = 2.5 MHz 
samp 


R = 10 Kilo-ohms. f. = 50 KHz 
tap input 


Number 
of Taps 25% variation 
10 
8 
6 
4 
2 
0 o1 02 oo) a -5 volts 
Tap Output Amplitude 
FIGURE 3.19 Non Uniformity Data. Se 2.5 MHz. 
Pe aon 10 Kilo~-ohms. ame 350 KHz 
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pieeps 10.8% variation 
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Z 
1 
Q A =o — 4 volts 
Tap Output Amplitude 
FIGURE 3.20 Non Uniformity Data. tire 2.5 MHz 
R, = 100 Kilo-ohms. f, = 80 KHz 
tap input 
Number 
ofePap 50% variation 
> 
A 
5 
2 
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FIGURE 3.21 Non Uniformity Data. f ae 2.5 MHz 


e = O 
abe 100 Kilo-ohms. f snput 300 KHz 
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FIGURE 3.23 Non Uniformity Data. Seen MHz 


BS ape 1 Meg-ohm. Sa 100 KHz 
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Tap #1 Output 


Tap #5 Output 


Tap #6 Output 


Tap #11 Output 





FIGURE 3.26 Pictorial Presentation of TAD-12 Performance. 
SPs 3 MHz; eran 100 Kilo-ohms. 
vee -6 volt peak to peak; Saat 50 KHz. 
Scale: H = 10 microsec./div, V = .2 volt/div 
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Tap #1 Output 


Tap #4 Output 


Tap #2 Output 


Tap #3 Output 





FIGURE 3.27 Pictorial Presentation of Reticon TAD-12 


Performance. f = 3.50 MHZ. KR =z 100 Kilo-ohms 
samp tap 
Nz = 
input 


-6 Volt peak to peak. f, = 50 KHz. 
input 
Scale: H = 10 microsec./div; V= .2 Volt/div 
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Tap #1 Output 


Tap #2 Output 


Tap #3 Output 


Tap #12 Output 





FIGURE 3.28 Pictorial Presentation of Reticon TAD-12. 
Performance. f = 4 MHZ. R = 100 Kohms. 
samp tap 


erate ~6 V peak to peak; Ss 50 KHz. 


Scale: H = 10 microsec./div; V = .2 V/div. 


69 





Tap #1 Output 


Tap #9 Output 





FIGURE 3.29 Reticon TAD-12 Performance. 


Ss 


V aeaee ~6 V peak to peak. f eaee 50 KHz. 


Scale: H = 10 microsec./div; V = .2 V/div. 


if anpe 4.5 MHz. Dae 100 Kilo-ohms. 


Tap #1 Output 


Tap #2 Output 





FIGURE 3.30 Reticon TAD-12 Performance. 
5 = 5 MHz. R = 100 Kilo-ohms. 
samp tap 


Scale: H = 10 microsec./div; V = .2 V/div. 
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FIGURE 3.31 Reticon TAD-12 Performance. 
samp tap 
Vino -6 V peak to peak. Seput 100 KHz. 
Upper Scale: H = 5 microsec./div; V = .2 V/div 


H = 5 microsec./div; V=.1 V/div 


Lower Scale 


Input 


Tap #1 Output 





FIGURE 3.32 Reticon TAD-12 Performance 
— 2.5 MHz. R = 10 Kilo-ohms. 
gamp tap 
neuer -6 V peak to peak. fe at” 1 MHz. 
Upper Scale: H = .5 microsec./div; Vo = ee V/div 


Lower Scale: H = .5 microsec./div; V= .1 V/div 


Zale 





Input 


Tap #6 





FIGURE 3.33 Reticon TAD-12 Performance. 
= 2.5 MHz R, = 10 Kilo-ohms. 
samp tap 
-6 V peak to peak. feout 300 KHz. 
H = 1 microsec./div; V = .2 V/div 


H = 1 microsec./div; V = .1 V/div 


Vinput™ 
Upper Scale 


Lower Scale 


Input 


Tap #6 Output 





FIGURE 3.34 Reticon TAD-12 Performance. 
fr = 2.5 MHz; R = 10 Kilo-ohms. 
samp tap 


en -6 V peak to peak. Tapas 1 MHz 


Upper Scale: H = .5 microsec./div; V = .2 V/div 


Lower Seale: H = .5 microsec./div; V=.1 V/div 
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FIGURE 3.35 Reticon TAD-12 Performance. 
= 2.5 MHz. R = 10 Kilo-ohms. 
gamp tap 
Upper Scale: H = 5 microsec./div; V = .2 V/div 


Lower Scale: H = 5 microsec./div; V =. 1 V/div 


Input 


Tap #12 Output 





FIGURE 3.36 Reticon TAD-12 Performance. 


Se 2.5 MHz. ce 10 Kilo-ohms. 


V = .6 : = 
ete V peak to peak Sea 400 KHz 
Upper Scale: H = 2 microsec./div; V = .2 V/div 


Lower Scale: H = 2 microsec./div; V = .1 V/div 
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FIGURE 3.37 Reticon TAD-12 Performance. 
fi = 3 MHz R = 10 Kilo-ohms. 
samp tap 
Vincues -5 V peak to peak; f neat 200 KHz 
Upper Scale: H = 2 microsec./div; V = .5 V/div 


Lower Scale: H = 2 microsec./div; V = .2 V/div 


Input 


Tap #2 Output 





FIGURE 3.38 Reticon TAD-12 Performance. 
i = 4.5 MHz; R = 10 Kilo-ohms. 


gamp ta: 
er -6 V peak to peak; STamitn 200 KHz 
Scale: H = 2 microsec./div; V = .5 V/div 
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Tap #2 Output 


FIGURE 3.39 Reticon TAD-12 PerfOrmance. 
f = 5 MHz. R 
gamp 


"anpuee 


ta 
-6 V peak to peak. f. 


nput 





10 Kilo-ohms 


= 200 KHz 


Upper Scale: H = 5 microsec./div; V = .2 V/div 
Lower Scale: H = 5 microsec./div; V = .01 V/div 


Input 


Tap #1 Output 


FIGURE 3.40 Reticon TAD-12 Performance. 
f_..= 5 MHz. R,. = 10 Kilo-ohms 
samp tap 
Vinput™ °© V peak to peak; f, 04 
Upper Scale: H = 2 microsec./div; 


Lower Scale: H = 2 microsec./div; 
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= 200 KHz 
Vie go wy day 
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Cc. TIME DOMAIN EVALUATION 

ine measurement senesaaes PSMEOMUse eaeperloaic  1ipuE 
pulse. Its period is at least twice the total delay. The 
width of the pulse must satisfy the condition: 


5 or clock period = width of pulse < 1 clock period: 


The pulse amplitude should be within the dynamic range. At 
the output of the summer operational amplifier, one can ob- 
serve twelve output amplitudes. An analog sample and hold 
circuit is used to measure each output amplitude. 

Figures 3-45 through 3-47 illustrate the impulse response 


of TAD-12 performance at different sampling frequencies: 
Se BO) Mya g hy as) lela AG lg la 


and tap resistances: 


Reap We me OG sky MO) 


connected to tap #1, 5, 6. 
1. Non-Uniformity 
The non-uniformity data of tap outputs for the impulse 
input is shown in Figures 3-48, 3-49, using 10K tap resist- 


ances at different sampling frequencies: 


on eC Ome ed 2 SOK Zz 5 1.20 MHz. 
The variation of the tap output amplitudes is the 


following: 


j 
Ss 
bhQ 
ne 

‘e 
© 
ct 
rh 

il 


Z5° KHZ 


i 
r— 
Oo 
ow 
> 
ct 
rh 

il 


50 KHz 
- 4.1%, at f, = 500 KHZ 


- 10.47%, at f, = 1.25 MHz. 
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PeiGc como Uso Set IUSerace the Output Of TZ taps 


using Reap = 10 KQ at sampling frequencies: 


ff, = 50 KHz, 1.25 MHz. 


At lower sampling frequency, up to f. Slee ine Clee 
non-uniformity of tap output is less than 10%; when the samp- 
ling is increased, the uniformity is deteriorated seriously. 
At f = 2.5 MHz, the non-uniformity of different taps is 
higher than 20%. 

The interaction between adjacent taps can also affect 
the tap uniformity at high sampling frequencies. Figure 
3-45 (c), (d), (e), (£) shows these effects. For example, 
in Figure 3-45 (d) at f. — eeoelhiz the fap rl output, can 
have an effect on tap #2 before its amplitude reaches the 
zero value. Another example, in Figure 3-45 (f), at f. of 
mmoeiiiz, the effect of tap #1 output can extend to tap #2 
amamuap #5 before its amplitude goes below the fixed pattern 
moLse. 

2- Temporal Noise 

The noise of tap outputs can be grouped into two 
maeccories: 

- fixed pattern noise 
- random noise. 

The fixed pattern noise is periodic with a period 
related to the sampling frequency used. At t. of eS07KHzZ; 
this period is about 6.67 microseconds. At f. of 500 kz. 


it is about 80 microseconds, but the number of periods is 
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constant between tap outputs. For example, there are three 
periods of fixed pattern noise between tap #1 output and 
mappa? os OUtpuUt. This is illustrated in Figures 3-45 (a), 
we, 5-46 (a), (c), 3-47 (a), (c). The peak to peak ampli- 
tude of this noise is about 40 mV for the 10 KQ load resistors 
and about 25 mV for the 100 K& load. 

The random noise varies from one tap to the other. 
It depends also on the clock frequency and tap resistors. 
The random noise affects seriously the tap output, except 
tap #1, at high tap resistor value and high clock frequency. 
For example, using 10 KQ resistors, the amplitude of random 
noise is 40 mV at clock frequency of ae = 2.5 MHz and is 
100 mV at f. = 5 MHz. This is shown in Figure 3-45 (d), (f). 
The tap #5 output is deteriorated badly at fe = 5 MHz for 
Reap = 100 K& and Reap = 1 M2 in Figures 3-46 (d) and 
3-47 (d). However, the noise on tap #1 is very small at any 
condition. This is illustrated in Figures 3-45 (d), (f), 
3-46 (d), (£). 

The jitter amplitude observed at the top of tap #1 
output in Figure 3-52 equals to 80 microvolts for a signal 


frequency of 2.83 KHz, f. = 100 KHz and for Reap = 10 Kf. 
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Figure 3-5 shows the magnitude frequency response 
of Tap #1, Tap #6 and Tap #8 outputs using 100 Kilo-ohms 
resistors and 1 Meg-ohm resistors. The roll-off starts at 
about 20 KHz input frequency for the Re ap = 1 Meg-ohm curve 
and at about 60 KHz input frequency for the Reap = 100 Kilo- 
ohms curves. 

When the sampling frequency is increased, the fre- 
quency dependence curves are not improved in comparison with 
the theoretical curve. Figures 3-6 and 3-7 illustrate the 
magnitude frequency response of different tap outputs at 


sampling frequency equal to 2.5 MHz using tap resistors: 


Reap = 10 Kilo-ohms, 100 Kilo-ohms, 1 Meg-ohn. 


With Reap = 10 Kilo-ohms, the frequency roll-off is 
about 150 KHz. When the signal frequency, f, equals to 200 
KHz, the measured curve is 1 db below the theoretical curve. 
At £ = 300 KHz, it is 3 db below the theoretical curve. For 
the Reap = 1 Meg-ohm curves, the frequency roll-off begins 
about 30 KHz. 

With Reap = 100 Kilo-ohms, the response curve begins 
to roll off at the input frequency f = 80 KHz. At £ = 100 
KHz, the response curve is 2 db below the theoretical curve. 

Figures S-Seand 3-9 aliustrate respectively the 
magnitude frequency response of TAD-12 output using 10 Kilo- 


ohms tap resistors at sampling frequency f, equal to 2.75 MHz 


aoagusing 1 Meg-ohm tap resistor at f,’equal to 1.25 MHz. 
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-Number | 


of taps 


(a) . 


021 


Number 
of taps 


(d) 


0 
02 


4.2% variation 


022 023 «24 223 Volts 
Tap output amplitude 


1.8% variation 


22 023 024 025 Volts 
Tap output amplitude 


FIGURE 43.48 Non Uniformity Data. Input Pulse: Amplitude=1 Volt, 


Width=.2 microsec.. Tapping Resistor=10 Kilo-ohms 
(a) Samah 25 KHz 
(b ) ea 50 KHz 
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Number 


is TADS ¢ 4.1% variation 
4 
(a) 
7O 
tO 
39 «20 o21 sce neo Volts 
Tap output amplitude 
Number 
of taps 
6 10.47% variation 
4 
(b) 
2 
0 
019 020 «2 «22 ee -Volts 


Tap output amplitude 
FIGURE 3.49 Non Uniformity Data. Tapping Resistors=10 Kilo-ohms 
(a) Input Pulse: Amplitude=1.1 Volt, Width=.6 microsec. 
Psamp7 200 Bz 
(>) Input Pulse: Amplitude=1.1 Volt, Width=.3 microsec. 
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Input 
FIGURE 3.50 
Output 
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FIGURE 3.51 





Impulse Response of Reticon TAD-12 showing 

12 Tap Outputs. Reap 10 Kilo-ohms. 

Sampling Frequency = 50 KHz. 

Upper Scale: H = 50 microsec./div; V= .5 V/div 


Lower Scale: H = 50 microsec./div; V = 1 V/div 





Impulse Response of Reticon TAD-12 Showing 

12 Tap Outputs. aod 10 Kilo-ohms. 

Sampling Frequency = 1.25 MHz. 

Upper Scale: H = 2 microsec./div; V = .2 V/div 


Lower Scale: H = 2 microsec.div/; V = 1 V/div 


oH: 





Output 


Tap #1 Jittering 


Waveform 





FIGURE 3.52 Upper Trace: Impulse Response of 12 Tap Outputs 
Scale: H = .1 mgec./div; V = .05 V/div 
Lower Trace: Jittering Waveform of Tap #1 
Scale: H = .1 msec./div; V = .02 V/div 
Sampling Frequency = 50 KHz 
Tapping Resistance = 10 Kilo-ohms. 
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Mie oNVeollGAlION OF FILTER  E= PREWHITENING BILEER 


A. THEORY 

Based on the design algorithm described in II.D.1, a 
computer program shown in Appendix A is written to give the 
impulse response of the prewhitening filter for the required 
frequency characteristics. Using this program, a prewhitening 


filter is designed for the following conditions: 


fo wee le WZ t = 1/2 £_ = 625 KHz 


S 
R = 0.1 Slope A = 1 


Length of filter: M = 11 taps 


|H(f 





fo i f normalized 


The tapping coefficients improved by Hamming window are 
listed in Table IV.]. 

The magnitude frequency response of the theoretical pre- 
whitening filter is shown in Figure 4-1. It is plotted in 
linear scale on Y-axis versus normalized frequencies, 


eye on X-axis. 


oe 





Mm ybbeev- le inecoretieal Tapping Coefticients G Resistors 


k Ay Ry (Kilo-ohms) Ay Measured 
a5 Oreo Oa -16478.516 0.02564 
-4 0.0 open Ormers 585 
= 3 -0.01219 ee? Seu Ors 28 
=2 ORA0 open O276 
oak =C.2 1407 =6 9.00.5 = Oe Orne 

0 ie Or dics 

I Oona 27 -65.005 = Ohno ceo 

2 0:0 open 0.02564 

3 Saeed elie e2iouee orl a 0.02564 

4 0.0 open 0.02566 

5 Sod 91 -16478.516 -0.07692 


Bee APERIMENT 


1. Tapping Resistors According to Theoretical 
Design with Ryjn =~ 10 Kilo-ohms 





A minimum value of 10 Kilo-ohms is set for the tapping 
resistances. Appendix F indicates the following expression 


fOr Ry 
Amax 
re 


Ree (10 Ke) - 
ee L r TAY? r 


where r is the internal output resistance. For the TAD-12, 
Yr is about 5 Kilo-ohms. The tapping resistors corresponding 
to the designed prewhitening filter are given in Table IV.1 


and used to implement the filter using the 11 taps of 


ue 





Peoercon 1AD-12. Since their theoretical coefficients A, 
for k higher than 5 have negligible values, the implementa- 
tion of the filter on a longer delay line, number of taps 
higher than 11, is not necessary. 

The measured impulse response of this filter is 
illustrated in Figure 4-2 at three different sampling fre- 
enc les - 


f. = 50 KHz, 500 KHz, 1.25 MHz 


The pulse inputs used have the amplitude and width listed 


in Table IV.II. 


Pabbeo lV il fulseeenpucrs 


ae Amplitude Width 
SO KHz oN. 8 microsec. 
500 KHz ena -o microsec. 
T2725 MHz eo, PoeniG LOsce. 


Usine the sample and hold circuit, the impulse 
response, Ay 1s measured and the result is listed in Table 
mal, tJhe Ay measured and the theoretical Ay are quite 
different for some taps. The maximum deviation occurs be- 
tween tap #7 and #8 outputs. Its peak amplitude is about 
503 of the output at tap #6. 

The theoretical magnitude frequency response and 
Measured response curves for three different sampling fre- 
@e@encies are plotted on Figure 4-3. The response curves for 
f of 1.25 MHz and 500 KHz show some wiggling shape due 


probably to the non-uniformity of tap output and the clock 
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noise which cause the unsymmetrical tapping coefficients. 
The response curve for f equal to 50 KHz is rather satis- 


fretory if it 1S multiplied by a factor of 1.07. 


PelappriemnestocCOrs Adjusted fo Yield 
Better Impulse Response. Rpjp = 10 Kilo-ohms 


Since only three taps have strong contribution to 
the filter, the adjustment is done only on the taps #5, #6, 
#7 by using the sample and hold circuit. The other taps are 


left open. The tapping resistors used are listed in Table 


ive ril. 
EeeE IVettl. Tapping Resistors 
k Ay Ry (Kilo-ohms) 
fs = 50 KHz f., = 500 KHz f., = 1.25 MHz 
-] = (ieee 2 / 28 50 BZ 
0 ie. 10 10 10 
i ~ ee 427 28 35 100 


The amplitude and width of inputs pulse are listed in 
Table IV.II. 

The impulse response of this filter is illustrated in 
Figure 4-4, at three different sampling frequencies. 

The theoretical and measured curves of prewhitening 
filter magnitude frequency response are shown in Figure 4-5. 
The response curves for E. equal to) 50) KHz, 500 KHz and 1.25 MHz 
Still show some wiggling. The gain of these curves are lower 
than the last curves in Figure 4-3. If these three curves 
are multiplied by a factor of 1.22, they are somewhat satis- 


factory in comparison with the theoretical curve. 
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3. Tapping Resistors Adjusted to Yield 
Pewee Impulse Response. Rnin = 29 ohms 


A minimum value of 50 ohms is set for the tap #6. 
The taps #5 and #7 are adjusted by using sample and hold 
circuit, to yield better impulse response. The other taps 


are left open. The tapping resistors used are listed in 


Table IV.IV. 
TABLE IV.IV. Tapping Resistors 
k Ak Ry (Kilo-ohms) 
fc = 50 KHz ie = 500 KHz f,=1.25 MHz 
-l eet 2 7 4.8 2.8 3.8 
0 iL mus Oro s 0205 


1 =O 27 2.8 is tee 


The pulse inputs used have the amplitudes and widths 
listed in Table IV.II. 
Figure 4-6 illustrates the impulse response of the 


filter at sampling frequencies: 


Se =mo0) KHZ, 500 (KHz, 91.25 Miz 


The theoretical and measured curves of prewhitening 
filter magnitude frequency response are shown in Figure 4-7. 
The wiggling of the three measured curves is much reduced in 
comparison with the previous curves. If the experimental 
curve £.= 1-25 MHz is multiplied by a factor of 1.2 and curves 
ie> 50 KHz, 500 KHz multiplied by a factor of 1.35, the 


S 


agreement 1S somewhat satisfactory. 
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4. Tapping Resistors Obtained by Experimental 
Cut & Try Based on Frequency Response Adjustment 


The procedure consists of the use of a chirped wave- 
form from DC to 1 MHz as the input of the filter, and adjust 
the displayed frequency response to get the minimum wiggling 
by adjusting the tapping resistances. The result obtained 
is shown in Figure 4-9. The wiggling of the three response 
curves is much reduced. Raising these curves by a factor of 
m7ecan improve the agreement between the Bheomecicen and 
measured curves. 

The impulse response corresponding to these curves 


is unsymmetrical and has the values listed in Table IV.V. 


RABLE lv av Tapping Coefficients 


k Ax Ry (Kilo-ohms) 
ae -0.1694 Oa Ones 

0 ie peur 

1 = Jt 09 


The amplitude and width of pulse inputs used are 


listed in Table IV.II. 
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FIGURE 4.1 Theoretical Amplitude Frequency Response of Prewhitening 
Filter. Length = 11. Hamming window. 
X - Scale = .1 units/inch for normalized frequency 
Y.- Scale = .2 units/inch for Amplitude frequency response, 
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VOmeeUNVEol TGA TILON OF PILTER 11 -=pEWHITENING FILTER 


ieee «6 LHEORY 

The design algorithm of the dewhitening filter is 
described in II.D.2. The computer program in Appendix B is 
used to calculate the impulse response of the filter from 
the given frequency response. A dewhitening filter is 
esicned, based on the impulse response of the prewhitening 
filter of paragraph IV.A. The frequency characteristics 


are the following: 


fo = 2.1 KHz fp = 5 fs = 625 KHz 


Rength or filter  M =] 11 caps 


eee 


Z| 


— —_ 


aCe) 


od 


fo if f normalized 


A ameme at a etn elt 


The tapping coefficients are improved by a Hamming window 
meby a factor of 1.13 and are listed in Table V.I. 

The magnitude frequency response of the theoretical pre- 
whitening filter is shown in Figure 5.1. It is plotted in 
linear scale on Y-axis versus normalized frequencies, 


f/f; on X-axis. 
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TABUE V-1. Theoretical Tapping Coefficients §& Resistors 


k Eee C OT 


25 Oe Orr 
-4 H20C05Z 
a 0115.6 
ee 0.04846 
= 0.19681 
0 le 

1 e968 1 
Z 0.04844 
5 Oe WEE >.6 
A 0.00632 
5 0.00113 


B. EXPERIMENT 


13269. 
Zo0.O. 
LS an 

504. 
vor 
Ok. 
le 

5304. 

LZOi2e. 


2368 


Loo . 


RE (Kilo-ohms) 
with Rnin = K ohms. 


336 
417 
Sa 
661 
215 


ZS 
661 
Sa 


~417 


26 


4464. 


794. 


431. 


99. 
ZUR 


Ry (Kilo-ohms) 
with Rmin= 50 ohms 


026 
050 
851 
252 
659 


~05 


20. 
See 
431. 
794. 
4464. 


ie lapping Resistors According to Theoretical 


Design with Rmin = 10 Kilo-ohms 


A minimum value of 


tapping resistors. 


659 
ZZ 
S52) 
050 
026 


10 Kilo-ohms is set for the 


Using themexpmessilonectmnr elven i) 


Appendix F, the tapping resistances are calculated and 


listed in Table V.I in the third column. 


implement the dewhitening filter using 11 taps of Reticon 


a= 12. 


The impulse response of this filter is illustrated 


vey chine tse dae 


in Figure 5-2 at three different sampling frequencies: 


peo 0 KH , 


500 KHz, 


108 


deez Sy Nila 





ievbiee Ve lt 


eat cheor. Ak Measured 
fs = 50 KHz fs, = 500 KHz Pata econ Z 

ato mO 5 Ue nOcana Vici’ 0.11667 
-4 OO OZ eG ZieG lees oa 0.20830 
5 One eo OGG pl 2 OZ 

dE 04844 0. 2027 229565 0.2708 
ot -19681 Gero onains 41304 0.41667 
0 A ie 

IL paleo ou! Oro ow ooo 0 0.41667 
2 04844 0.18918 13043 0.0 

3 . 01156 0eloZ eG 13043 0.16667 
4 OOK z Oey sia - 13043 ero 067 
5 mOOL 1S 0.16216 . 10869 GealiGigin 7 


Theoretical § Measured Coefficients 


imonIneuLSemInputs ame noted an Table I1V-il tor 
meee reic sampling frequencies. The tapping coefficients 
are measured with the sample and hold circuit and the results 
ameelisted in Table V.II. The theoretical and measured A; 
emomguite different for some taps due to the fixed pattern 
noise and non-uniformity of tap outputs. The maximum noise 
amplitude is observed before the tap #1 output and has 
amplitude of about 30% of Ag. 

The theoretical magnitude frequency response and 
measured response for three different sampling frequencies 
Mmemplotted in Figure 5-3. The response curves for f- 


of 500 KHz and 1.25 MHz are somewhat in agreement with the 


iGo 





theoretical curve. Their difference is about 12% for f 
less than 0.2 f. and it becomes worse than 40% for input 
Benmail frequency higher than 0.25 fo. For f . Of Ue KitZe 


the result is quite satisfactory. 


Pyeelappimg Resistors Adjusted to Yaeid better 
Impulse Response. Rpin = 10 Kilo-ohms 


since the coefficients, A, fer k greater thangs, 
have negligible values in comparison with the noise, the 
adjustment is done only on seven tap outputs. The adjust- 
ment is quite delicate for the tap outputs which are greater 
than or equal to 5, because of the interaction between them. 
Experimental tap resistances are listed in Table V.III. A 
slight modification has to be done on the values of some 
tap resistors in order to get better impulse responses for 
different sampling frequencies. The sample and hold circuit 
is used to make the adjustment. 

The amplitude and width of inputs pulse used are 
Pistea in [fabie IV.II. 

The impulse response of this filter is illustrated 
in Figure 5-4 at three different sampling frequencies. The 
maximum noise occurs near tap #1 output; its peak amplitude 
is about 19% of Aa: 

The theoretical and measured curves of dewhitening 
filter magnitude frequency response are shown in Figure 5-5. 
The wiggling of the response curves is reduced in comparison 
Taeetie GUunmvVes in Figure 5-3, but the ditference between the 


theoretical and measured curves (f. = 1.25 MHz and 500 KHz) 
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isestill high, greater than 30%, for the input signal 
frequency £ higher than 0.25 f.- At low sampling frequency, 


50 KHz, the result is quite satisfactory. 


Poth v. lite Ad usted Cockficients G4 )Res 15 cons 


k Ak Ry‘ 
F.=50 KHz £,=500 KHz fF =1.25MHz f.=50 KHz £,=500 KHz f.=1.25MHz 


= 0.09836 0.02083 ORAZ s PS Zivior LS AOS iS Zioio. 
-4 LOG ss SO ZS Die ZOCOR 2S 08: ZOO Or 
=s Oel0655 0.04167 OS 073 1292.5 ZO Zao 29 2s 
ae 02098356 0.0625 0.075 SUC S00. SU0k 
ad. sie a2 O20 855 Ost wes Ore Ha eok Tas 
0 ee ie ie. Die 922 ae 
1 ine 22 0220850 O22 110 HO. Lie 
Z 009856 eis Ore Sain Sal. o20e 
5 OeL0O55 0.02083 03075 oS ZO So 1292293 
- Wea lo7 5 OO Z083 OPO Bs) ES Cor 2368. Zo Our 
5 0.10655 ORO Z0S5 OWES He Oo 2 rs Zoo 15200. 


3. Tapping Resistors According to Theoretical Design. 
Rmin = 50 ohms. 


A minimum value of 50 ohms is set for the tap #6. Using 
the formula described in Appendix F, one can calculate the 
theoretical tapping resistances whose values are listed in the 
feunen column of Table V.I. 

The input pulses have the amplitude and width listed 


timbaple lVeil,. Figure 5-6 illustrates the impulse response 


Wed: 





of the filter at sampling frequencies: 


The 


So 


f. = SU  Kize sUv0 KHz, 1.25 MHz 


measured coefficients Ay are listed in Table V.IV: 


TABLE V.IV. Measured Coefficients (Ree 90 ohms ) 
k Ax 
f.=50 KHz f.=500 KHz Fo=1.25 MHz 
-§ save Lay NOOO 122526 
-4 alta nO OOo, .08695 
-3 meld) .06667 09,782 
-2 . 16667 TES 555 oe i 
coal 2 18 261007 ~34782 
0 
1 So222 5 26667 -48913 
2 - 13888 ih So1Sis a2 Ui 
3 sat 06667 ~ 13043 
4 alah 06667 .04347 
5 EL 06667 .07608 


The maximum peak amplitude of noise measured is about 


of ie for - equal to 1.25 MHz and 500 KHz and 19% of ne 


for fe equal to 100 KHz. 


The theoretical and measured curves of dewhitening 


filter magnitude frequency response are shown in Figure 5-7. 


The 


response curve for f. equal to 50 KHz is similar to the 


theoretical one. The curves ee equal to 1.25 MHz and 500 KHz 


have some wiggling effect for input frequencies higher than 


~ 29 
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VI. INVESTIGATION OF FILTER III - BANDPASS FILTER 


A. THEORY 

Based upon the design algorithm described in II.D.3, a 
computer program shown in Appendix C is written to calculate 
the impulse response of the bandpass filter based on the 
required frequency response. Using this program, a bandpass 


filter is designed for the following conditions: 


fy = .1996 f, = .2004 
‘Center FVeEquenc y fy = .2 Q = 250 
Amplitude A = Si" 


Number of taps M= 1l. 


|H(£) | 


A 


7 ae f, f normalized 


The tapping coefficients improved by Hamming window are 
timed In Table VI.I1. 

The magnitude frequency response of the theoretical band- 
pass filter is shown in Figure 6-1, in linear scale, and in 
Figure 6-2, in logarithmic scale versus normalized frequencies, 


get 





TABLE VI.I. Theoretical Coefficients and Resistors 


k A, RL (Rs nL RL CR 37-99 K) 
ee) 0.09863 147.083 46.201 
~4 0.07378 198.307 63.447 
5 “Uo 89 34.074 8.155 
=z -0.59148 2023160 52556 
= 0.28647 47.362 ZO 6 

0 ye 10. aU 

1 0.28647 47.362 Z029 

Z -0.59148 (AUR Sei), SOS 

5 aise OOo 34.074 S055 

4 0.07378 oS 2307 63.447 

3 0.09863 147.083 46.201 


B. EXPERIMENT 


iP lapping Resistors According to Theoretical 
Design with Rpjin = 10 K ohms. 


A minimum value of 10 Kilo-ohms is set for the 
tapping resistors. The expression of Ry given in Appendix F 
is used to calculate the tapping resistances. These values 
are listed in Table VI.I in the third column and are used to 
implement the bandpass filter using the 11 taps of Reticon 
TAD-12. 

The impulse response of this filter is illustrated 


m™erieure 6-3 at three different sampling frequencies: 


ae eo Ul Zea Ole hizo 2 Miz 


that 





TABLE VI.II. Theoretical § Measured Coefficients 


k A, Theor. 


k A, Measured 


f_=50 KHz £_=500 KHz £_=1.25 MHz 

-5 0.09863 0.34444 0.30508 0.34483 
Pa 0.07378 0.33333 0.209339 0.06896 
aoe -0.38389 05 -0.66102 -0. 86306 
a= 0.59148 -0.6 -0. 66102 -0.51724 
si «(0.28647 0.48888 0.49152 0.72413 
i) (1. ie ie 0.86206 
1 0.28647 0.44444 0.54237 0.4 

2  -0.59148 -0.65555 aie awa te 

ma 0.383389 -0. 48888 ~0.71186 -0.34482 
4 0.07378 0.31111 0.13559 0.51724 
5 =: 0. 09863 0. 26666 ESSco 0.24138 


The input pulses used are listed in Table IV.II for 
different sampling frequencies. The tapping coefficients 
measured with the sample and hold circuit are shown in Table 
VI.II. The theoretical and measured Ay are quite different 
for some taps due to the fixed pattern noise and the non- 
uniformity of the tap outputs. The maximum noise observed 
occurs between tap #3 and #4 outputs. Its peak amplitude is 
about 30% of A: 

The theoretical magnitude frequency response and 
measured response curves for three different sampling fre- 
quencies are plotted in Figure 6-4. The main lobes of measured 


response curves are rather similar to the theoretical one. 


22 





But there are some differences at the side lobes which have 


their peak magnitudes as follows: 


- 15% of maximum amplitude for Ee 50 KHz 


500 KHz 


- 35% of maximum amplitude for f. 
- 51% of maximum amplitude for f. =e co evil Ze 


There are also some wiggles for input frequencies less than 


5 IUS f.. 
woeelorppime Resistors Adjusted to Yield Better 
Impulse Response, Rpjyn = 10 Kilo-ohms 


Since for k greater than 3, the coefficients A, have 
negligible values in comparison with the noise, the adjustment 
is done only on 7 tap outputs. Obtaining the exact values of 
the theoretical design is very delicate because of the inter- 
etion between tap outputs. The adjusted coefficients and 
the corresponding tap resistances are listed in Table VI.III. 
Some modification has to be done on the values of some tap 
resistors in order to get better impulse response for differ- 
ent sampling frequencies. 

The amplitude and width of input pulses are listed 
in Table IV.II. 

The impulse response of this filter is illustrated 
in Figure 6-5 at three different typical sampling frequencies. 
The maximum noise observed has its peak amplitude about 19% 
of Ag. 

The theoretical and measured curves of bandpass filter 
magnitude frequency response are shown in Figure 6-6. The 


wiggling of the frequency response at input frequencies less 


E22 





jnan .15 t is much reduced for f. = 50 KHz, but the side 
lobe is still high at 15% of the maximum amplitude. For i = 
1.25 MHz and f . = 500 KHz, the peak amplitudes of side lobes 


are increased to 29% of maximum amplitude. 


TABLE VI.III. Adjusted Coefficients § Resistors (Rmin= 10 k) 


k Ak Rp (Kilo-ohms) 
f.=50KHz f _=S00KHz f.=1.25MHz £.=S0KHZ £,=500KHz f.=1.25MHz 

3 .07246 modes oe 50) aly 147. 147. 147. 
-4 .08695 .04762 .04878 198. 198. 198. 
-3 . 20289 £3 DIDS . 34146 48.07 40. 60.11 
=Z .62318 .62492 oso Zoe Zaire on 
~1 . 28985 .30156 aoe 47. eS ZALON 

0 Se 8. Or 

1 .28985 .30156 . 26829 47. a 9.8 

2 FOZ S18 .63492 . 53658 DS. 24. S25 

3 . 20289 555 5 . 34146 48.07 40 Zon 

4 .08695 ~04762 Sy, 198. 198. 198. 

5 .07246 NOL SOT .04878 147. 147. 147. 


eee lapping Resistors According to Theoretical 
Design. Rmin = 20 ohms 


A minimum value of 50 ohms is set for the tapping 
resistance. Using the formula described in Appendix F, the 
tapping resistances are calculated and have the values listed 
tmetable VI.1, fourth column. 

The pulse inputs used have the amplitude and width 


listed in Table IV.II. Figure 6-7 illustrates the impulse 
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the impulse response of the filter at sampling frequencies: 


f. = 50 KZ o00 KHZ tec MZ 


The measured coefficients A, aGcestistedsinelapLe VIcIV, 


TABLE VI.IV. Measured Coefficients (R_. = 50 ohms) 
k Ak 
F.=50 KHz £.=500 KHz £.=1.25 MH z 
as 05201 OLS 7 e280 
-4 ~05504 ur Oa pore Wlow 
-3 or ao S Beto ca| . 76083 
-2 soo ca0 » 40392 . 74439 
al . 24312 nZZ7 43 .84603 
0 
1 24312 ~ 24314 . 84603 
Z wooZ 510 ~ 34509 ar o24S 
5 oS NOE . 73094 
4 ~05504 .04313 -83408 
5 .05504 .09803 .81464 


The maximum peak amplitude of noise measured is about 18% of Ao. 
The theoretical and measured curves of bandpass filter 
magnitude frequency response are shown in Figure 6-8. The 
wiggling effect of the response curves are strongly diminished 
in comparison with previous curves in Figures 6-4 § 6-6. The 
amplitudes of side lobes are also reduced and have the follow- 


th 


ing values: 


25 


- 7.5% of maximum amplitude for f Se rz 
- 11% of maximum amplitudes for ts = 500 KHz 


- 12.5% of maximum amplitude for f. = eZ 5—Miiz. 


4. Tapping Resistor Adjusted to Yield Better 
Impulse Response. Rpin = 50 ohms 


Ape Give oer CUitmiicaime REA CMOS Peer 
A minimum value of 50 ohms is set for tap #6. 
The tap outputs are adjusted by sample and hold circuit to 
yield better impulse response. 


The tapping coefficients and 


resistances adjusted are listed in Table VI.V. 


iexebe Vi-V. Adjusted Tapping Coefficients & Resistors 
k Ak Rae ha Oaonins) 
£ = 50KHz £ .=500KHz FiA.25 MHz £.=50 Hz £ .=S00KHz F=1.25 MH z 
-5 wo? 33 UG Sac wo 54 46.2 46.2 46.2 
-4 .06374 .07508 03086 63.45 63.45 63.45 
-3 - 37450 0 / S ae SOS 655 4.05 4.05 
-2 .60557 ao os - 59876 eZ ee 5 
mn ~ 28287 - 23849 Mele Pos Zo 2S at 
0 us 70S J0'5 
1 . 28287 ~ 23849 ~23457 6.1 Grea 4.1 
Z now S57 Oo SS -59876 leas. S i085 1.08 
5 ~37450 555075 aoa, 4.083 4.55 e085 
4 .06374 207 508 .04321 63.45 63.45 63.45 
5 wLO7 35 -08532 .02469 46.2 46.2 46.2 


The input pulse used have the amplitudes and widths listed in 


ieee IV.iIf. 


LZ 


Figure 6-9 illustrates the impulse response of 


the filter at three different typical sampling frequencies. 
The maximum noise has its peak amplitude about 15% of A: 

The theoretical and measured curves of bandpass 
filter magnitude frequency response are shown in Figure 6-10. 
The wiggling does not appear at the main lobe but the ampli- 
tudes of the side lobes are still high: 


500 KHz 


- 15% of maximum amplitude for f. 
- 10% of maximum amplitude for i = 500 KHz § 1.25 MHz 
be Drain Gir Cuda sine NSELEXeCMOS/ASOS shilaip oop 
A new circuit with faster flip-flop is made and a 
minimum value of 50 ohms is set for tapping resistance. The 
adjustment is done for t. equal to 500 KHz; the coefficients 
and resistances obtained are used also for f. of 50 KHz and 


1.25 MHz. Table VI.VI lists these coefficients and resistances. 


TABLE VI.VI Adjusted Coefficients 4 Resistances 


k Ak Ry, (Kilo-ohms) 
Zo WSS SE 46.2 
-4 a0) 57/1 Opes 
Te -.40078 Sere 
aie SGose 0 
a 29194 Sc> 

0 Le 05 

i sy 921.5 WA 

2 api AyZ9 7 iy 265 

5 -.40078 O00 

4 . 06287 63.45 

5 Oe Og 46.2 


WZ 7 





The pulse inputs listed in Table I[V.II are used. Figure 6-11 
illustrates the impulse response of the filter at sampling 
frequencies. 


f. = eS Oneal Zen eo OMe 1s 2 a MEL Ze 


The maximum peak amplitude noise observed is about 21.6% of 
Ao: 

The theoretical and measured curves of bandpass 
filter magnitude frequency response are shown in Figure 6-12. 


There is no wiggling at the main lobe region and some improve- 


ment is obtained at the side lobes, which have the following 


amplitudes: 
- 6% of maximum amplitude for ee = 1.25 MHz 
- 10% of maximum amplitude for i = 500 KHz 
- 14% of maximum amplitude for fo = 50 KHz. 
Using the computer program shown in Appendix E, 
the measured magnitude frequency response for f equal to 


Ss 
500 KHz and the response corresponding to the measured impulse 


response listed in Tabie VI.VI are plotted in Figure 6-13 with 
DB scale on Y axis and normalized frequencies on X axis. The 
main lobes of the two curves are the same but there are some 
differences at the side lobe regions. This shows that the 
technique using the sample and hold circuit to adjust the 
tapping resistor to get better impulse response 1s quite 


accurate and very useful to the filter implementation. 
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5S. Distortion Measurements of Bane pace ek ter 


For the case described in V.B.3 where the tapping 
resistances are set according to theoretical design with 


R 


min equal to 50 ohms, em ee OIG ar icy Mee encilecae Ona OMenClc = 


moned by ; 
: 2nd harmonic voltage 
DB = 20 log Findamental voltage 
are illustrated respectively in Figures 6-14 and 6-15, for 


sampling frequency of 500 KHz and three different peak to 


peak input voltages: 


Vee ONS. (0Sl V 
1n 


From the Figure 6-14 where the input frequency is equal to 
50 KHz, the second harmonic and clock noise at 85 KHz have 
the relative values expressed in percentage of fundamental 


as shown in Table VI.VII. 


TABLE VI.VII Second Harmonic § Clock Noise 


Vin DDK 3 Volts .8 Volts i VOALE 
2nd Harmonic LG. 7% 6.5% 6.8% 
Clock Noise 5.83 14.9% 88.8% 


When the amplitude of the input voltage decreases, the rela- 
tive value of second harmonic decreases but the relative value 
of clock noise increases. In the Figure 6-l14c, one can observe 
iHamy Spurious responses which occur at 63 KHz, 85 KHz, 112 KHz, 
126 KHz, and are due principally to the clock noise and fixed 


pattern noise. 





030 


0260 


a 
Cc? 


919 


QYS 


aoc ac? 004 gos 008 010 


cS 
— 
ho 


FIGURE 6.1 Amplitude Frequency Response of Bandpass Filter 
Length = 11 / Hamming Window 
X = Scale = .2 units/inch for normalized frequency 
Y= Scale = lOM@iats/amenetor amplitude frequency 


response. 
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FIGURE 6.2 Amplitude Frequency Response of Bandpass Filter . 
Length = 11 / Hamming Window 
X - Seale = .2 units/inch for normalized frequency 
Y - Scale = 10 units/inch in DB for amplitude frequency 


response. 
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6. Observations 
The characteristic feature of the filter realized 
Eyethe Cleetronic Capped analog delay line is that one can 
Beane the center frequency of the bandpass filter to the left 
or right by simply decreasing or increasing the clock fre- 
quency. Figure 6-16 illustrates this feature for Q = constant 


at two different sampling frequencies: 


f. 


£.=500 KHz 


f .=835 KHz 





FIGURE 6-16. Bandpass Filters Amplitude Frequency 
response at 2 different sampling 
frequencies £.=500 KHz & £_=835 KHz. 
Scale: H=.2° nsec/Div V=.1V/Div. 


Another observation is that the transversal fiiter 
implementation is not very sensitive to high specifications 
for moderate number of taps. The tapping coefficients are 
almost the same for different values of Q required. The 


impulse response of bandpass filters for: 


fo 


Oe Gee = center frequency) 


Q= 50, 250, 500 
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teime ti taps is listed in Fable VI.VI11, and using 23 taps 


in Table I[I.IxX. 


TABLE VI.VIII lappenemecert ire temes a (ielaps) 


k Ak 
=50 =250 Q=500 

0 iL. ive dls 

1 0.28644 0.28647 0.28640 
2 -0.59140 -0.59148 -0.59148 
3 =0. 38382 =). 383589 SOS OOF 
4 OmOy S75 Oy on 0.07378 
5 0.09857 0.09863 0.09863 


TABLE VI.IX Tapping Coefficients (23 Taps) 


k Ak 
mt =250 =500 

0 ie ire Ie 

1 ro Ooi.5 Ore olU oe aya 0.510 5170 

2 BU O41 5 -0.75486 -0.75486 

5 Os 2 SUR Oe -0.69095 
ec Olcaay Sa ieee a PAV AT 
OS 9H HOSS Sy 1009 215 
peor UZ seoviely wloy as 
31184 pone romlee 24 
eel NACL. LD ae ae 
-05648 05660 .05660 
cele 7 eS -11808 
.02596 02604 SU AUS 





VI. CONCLUSION 


Puheat NOn-TeeursiVe hLltecns nave DCene extensive ly 
developed for the implementation of "finite impulse response” 
mob) filters wsine software on digital computers. In recent 
years, new CTD (charge transfer device) tapped delay lines 
make it possible to implement real time FIR filters using these 
hardware devices. However, because the signal is sampled 
analog instead of digital and because the device principle 
and technology are new, careful investigation is needed for 
the successful development of these hardware sampled analog 
Signal processors. In this thesis, the new Reticon TAD-12 
tapped delay line with external programmable tap weights is 
investigated in detail. In addition to a thorough evaluation 
of its device performance, the properties of three sampled 
analog FIR filters using TAD-12 are investigated. They are 
the prewhitening, dewhitening and bandpass filters. 

Both the frequency response of TAD-12 devices have been 
evaluated for sampling frequency up to 2.5 MHz. It was found 
that the output showed the following limitations: 

1. Frequency response limitation: 

Tap outputs generally roll-off faster than predicted 
by the effect of sample and hold. The roll-off depends on 
ene location of the tap and its tapping resistance. 


ee lime response limitation: 
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Output at one tap generally takes more than the delay 
period between adjacent taps to settle down and affect the 
output of the following taps. The settling time depends on 
the location of the tap, its tapping resistance and the 
sampling frequency. 

SON -UnLtOrmities: 

Tap outputs are not uniform among the taps. The non- 
uniformity varies with the location of the tap, its tapping 
resistance and signal frequency. 

Mpeicoading eCLfect: 

Tap outputs vary with tapping resistance. However, 
fiemsnould be pointed out that these limitations are large at 
higher sampling frequencies and signal frequencies. At 
sampling frequencies less than 100 KHz and signal frequencies 
less than 10 KHz, TAD-12 behaves satisfactorily. 

The properties of three sampled analog FIR filters using 
TAD-12 have been evaluated following three design procedures. 


1. Tap resistances are selected using the same design 
procedure developed for digital non-recursive filters. 


Z. Tap resistances are corrected using the frequency response. 


3. Tap resistances are corrected using the impulse time 
response. 


It was found that the device limitation causes considerable 
deviation of the filter performance from theoretical prediction 
especially when the sampling frequency is high. Furthermore, 
the deviation is relatively smaller in bandpass filter and 
becomes worse in dewhitening filter followed by prewhitening 


filter. This trend is the result of the relative magnitudes 
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of the tap outputs with respect to the noises caused by the 
device limitations. 

These problems encountered in the Reticon TAD-12 tapped 
delay line just showed that it is still in its developing 
stage. Improved results can be expected when the causes of 


the device limitations are better understood and corrected. 
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FIGURE F.1 Coefficient Implementation 





The contribution of a single tap,V,, EOutie CULDUE. Ves 


is the product of Vi andthe (GOC tate Temes Ay» or 





ae Vout a Re 
eel aye! © arcane 


The expression indicates that R; 1s inversely proportional 
moment, tieretore the largest Coefficient will correspond to 


the minimum resistance, Ree so 


Re 
max rt Rmnin 


Solving this equation for Re and substituting that result 


into the Ay exmresslon welds; 


LA | z Anax Ce ae 
k r + Ry 


ol 





Or, 


= Amax 


Ry i Ak (r Ms Rmin) mE: 





For the TAD-12, the output impedance for a tap, r, is about 


5 Kilo-ohms. 
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